ABSTRACT: Populations of the Iceland scallop Chlamys islandca from the waters off Jan Mayen, Spitsbergen, Bear Island and northern Norway were inveshgated for allelic variation at 6 polymorphic gene loci. The 3 loci encoding for glucose phosphate isomerase (GPI), phosphoglucornutase (PGM) and superoxide dismutase (SOD) substantiated earlier findings of exceptionally high polyrnorphism at these loci in the Iceland scallop, higher than for many other pectinids. Loci encoding for malate dehydrogenase (MDH) and leucine-arninopeptidase (LAP) also exhibited higher polymorphism than is known for other pectinids. The high variability at an increasing number of enzyme coding loci for the subarctic/arctic species appears to contrast with predictions of negative correlations between environmental homogeneity and gene polymorphism. Allele frequencies at Mdh. Pgrn and Sod varied between populations over the geographical range surveyed, giving supportive evidence of at least partial geographic isolation between stocks. Data of the present study do not provide evidence that multiple-locus or single-locus heterozygosity affect longevity of C. islandica. Heterozygosity did not increase with age of the scallops, nor were positive growth-heterozygosity correlations demonstrated, either at singlelocus or multiple-locus heterozygosity. This contrasts with findings for several other bivalves, but is in accordance with observations for other pectinids.
INTRODUCTION
A previous study of allozymic variation in the commercially exploited Iceland scallop Chlamys islandica (0. F. Miiller) from the northern Atlantic revealed that there was geographic variation in allele frequencies of 3 highly polymorphic enzyme coding loci, Gpi, Pgm, and Sod (Fevolden 1989) . The most likely reason for inter-region variation in gene frequencies of C. islandica was suggested to be restricted gene flow, with a possible contribution from selective constraints (Fevolden 1989) . This arctoboreal bivalve is the most common scallop species in Atlantic sub-Arctic and Arctic waters (Ekman 1953 , Wiborg 1963 , Waller 1991 and has a large dspersal potential due to its long planktonic larval stage (> 2 mo, Gruffydd 1976 , Wallace 1982 . C. islandica may be found in relatively deep water (down to 150 m depth; Ekman 1953) in environments of stable and low temperatures.
Although temperature varies spatially within the geographic range of this species (summer temperatures vary between 0.5 and 5 "C among areas sampled in the present study ; Fevolden 1989) , seasonal variations in temperature may be minor. C. islandica seems to be typical of more stable thermal environments than the other pectinids that have been examined electrophoretically for enzyme polymorphism. Members of the Pectinidae, in general, exhibit high polymorphism at specific enzyme coding loci (Beaumont 1991) , but none of the examined species has shown greater variation than C. islandica at corresponding loci. The extremely high level of variation found at specific gene loci of Iceland scallop contrasts with earlier findings relating to levels of genetic variation in species inhabiting marine cold-water regions.
To provide more data on the genetic variation of the Iceland scallop, both within and among populations, additional sampling sites and more polymorphic loci have been examined in the present study. Samples from the northernmost commercial sampling ground for Iceland scallop, Moffen, north of Spitsbergen, were assayed together with those taken at a locality off the coast of northern Norway. Scallops were also resampled from sites at Jan Mayen and Bear Island.
The high heterozygosity of Chlamys islandica also makes the species suitable for studying possible relationships between heterozygosity and growth. This is a much debated theme for marine bivalves (see Zouros et al. 1988 , Zouros & Mallet 1989 and an important factor to be elucidated, especially with respect to commercial cultivation.
MATERIAL AND METHODS
Iceland scallops for biochemical genetic analyses were sampled randomly from dredges of scallops taken during assessment surveys conducted in 1988 (Jan Mayen, Moffen and Anddammen) and 1989 (Bear Island; Fig. 1 ). Scallops from Jan Mayen and Moffen samples were taken for size and age determination. Shell size was measured as the distance from the hinge to the opposite edge using an electronic sliding calliper. The age of individual scallops was estimated by counting growth rings in the shell hinge ligament as described by Johannesen (1973) . Scallops were sexed by examination of gonads.
The adductor muscles and gonads were dissected from fresh specimens and immediately frozen at -80 "C. Procedures for preparation of homogenates for electrophoresis and for the electrophoretic assay of glucose phosphate isomerase (GPI; E.C. 5.3.1.9), phosphoglucomutase (PGM; E.C. 2.7.5.1) and superoxide dismutase (SOD; E.C. 1.15.1.1) were described by Fevolden (1989) . Leucine aminopeptidase (LAP, used to designate enzymes that are able to hydrolyse the substrate L-leucyl-P-naphthylamide-HC1; E.C. 3.4.11.-), and malate dehydrogenase (MDH; E.C. 1.1.1.37) followed the procedures of Fevolden & Ayala (1981) . The Tris-citric acid gel buffer (pH 8.5) and lithium hydroxide: boric acid electrode buffer (pH 8.1) of Ridgway et al. (1970) were used for the LAP assay; the 0.002 M citric acid gel buffer (pH 6.0) and 0.04 M citric acid electrode buffer (pH 6.1) of Clayton & Tretiak (1972) were used for the MDH assay. All buffers were pH adjusted with n-(3-aminopropy1)-morpholine.
The different alleles were assigned values which indicate their mobhty relative to the commonest allele (100). Conformity to Hardy-Weinberg equilibrium of genotype distribution was tested using chi-square statistics for goodness of fit and by calculating Wright's fixation index of individual alleles in each subpopulation (Fls; Wright 1965 ). Calculation of Fls (following the nomenclature of Nei 1977) was facilitated by using the population genetics computer program BIOSYS-1 (Swofford & Selander 1981) . FIs of each allele is calculated by pooling all remaining alleles so that a 2-allele system is applied; thus, significance of fiS was tested by calculating X 2 as F ,~* N where N is sample size (see Li 1955) . Inter-subsample, inter-region, and inter-yearclass heterogeneities in allele frequencies were tested by contingency table chi-square analyses. Rare alleles were pooled so that no cells in the r X c tables had expected numbers less than 1 and cells with expected numbers less than 5 never exceeded 20 %. To avoid cells with low expected numbers when testing allele frequency differences between year-classes, the number of classes included was restricted to those listed in the legend of Table 3 .
Contingency chi-square analyses were also applied for testing possible variations in single-locus or multiple-locus heterozygosity with age. In order to have the older and less frequent year-classes included in this analysis, year-classes were grouped as indicated in Fig. 5 . Four of the polymorphic loci were used for testing age-heterozygosity correlations (Lap loci were excluded; see below), so 5 heterozygosity classes (0 to 4 heterozygous loci) were possible. The degrees of freedom in Table 4 show where pooling of heterozygosity classes was necessary to avoid r X c cells with low expected numbers.
The ratio of size/age for individual scallops was used as an index of growth and was calculated for indi-viduals aged up to 13 yr, the rapid growth phase of the species. To meet the requirements of normality the size/age ratio was log-transformed. For testing differences between mean growth of heterozygotes and homozygotes at single loci, t-tests and l-way analysis of variance (ANOVA) were performed. ANOVA was also used to test differences for growth among scallops of the 5 heterozygosity classes.
RESULTS

Biochemical analyses
The gel expression of loci coding for GPI, SOD and PGM were as described in Fevolden (1989) . The monomeric enzyme LAP and the dimeric MDH were not scored in the previous investigation due to weakly stained bands. Alternative buffer systems used in the present study gave better resolution for these 2 enzymes, although LAP, which is encoded at 2 loci, could only be scored for a limited number of scallops (in particular the numbers were low in the Anddammen and Jan Mayen samples). The activity of the Lap locus of Chlamys islandica is reduced upon storage, and it also seems to be more temperaturesensitive than the activity of the other investigated enzymes of this scallop.
Allelic frequencies and frequencies of heterozygotes in scallop samples from the different areas are shown in Table 1 . Relatively few significant Fls values were scored, indicating general conformity to HardyWeinberg expectations for random mating populations. The significant Fls values that were encountered were in all cases but one the result of an excess of homozygotes (positive values of Fls) and a corresponding deficit of heterozygotes. The only Pgm deviation (Anddammen) and the Sod deviation at Moffen were caused by the presence of 1 rare homozygote in each case. The significant Fls's at the Lap-l locus at Moffen were also the result of excesses of homozygotes of the respective alleles, but this could in part be due to secondary modifications of the enzyme products. Thus heterozygotes may conservatively have been incorrectly classified as homozygotes. These deviations are, therefore, not ascribed any biological significance and the Lap loci were excluded from analyses of ageand growth-heterozygosity correlations.
Due to the large number of alleles and genotypes observed at the different loci, conformity to HardyWeinberg equilibrium was also tested using chi-square statistics with only 3 groups: homozygotes for the most common allele, heterozygotes for this allele and all other alleles, and all remaining homozygotes and heterozygotes. By using this procedure significant Hardy-Weinberg deviations were reduced to 3: Gpi at Anddammen (X2 = 9.749, p = 0.002) and Jan Mayen (X2 = 5.194, p = 0.023), and Lap-l at Moffen (X2 = 8.112, p = 0.004). In all 3 cases there were less heterozygotes than expected under Hardy-Weinberg equilibrium.
At Jan Mayen and Moffen the allele frequency data presented in Table 1 represent the results of analyses of scallops from a total of 3 and 4 dredge samples, respectively. Although the size and age distributions varied significantly between these samples, no intersubsample heterogeneity in allele frequencies was found at any locus (p > 0.378). Thus there is evidence that all scallops taken within each area were members of the same breeding population.
Geographic variation in allele frequencies were, however, evident from the chi-square contingency analyses at the Pgm, Sod and Mdh loci ( Table 2 ) . Even if the type I error factor is applied (significance level should be adjusted by dividing the initial probability level by the no. of loci examined), Mdh and Pgrn are significantly heterogeneous at the 0.05 level (p < 0.0516 = 0.008). The cluster dendrogram (Fig. 2 ) based on Nei's genetic identity (Nei 1972) shows that the largest allele frequency resemblance is between Moffen and Bear Island, Jan Mayen takes a n intermediate position and the Andddammen scallops from off the coast of northern Norway are genetically least similar to scallops from the other sampling sites. Contingency table analyses comparing only the Bear Island and Moffen scallops did not show significant allele frequency differences at single loci, but the additive X2 value over the 6 loci was significant ( Table 2) .
The age distributions of the Moffen and Jan Mayen scallops examined electrophoretically are shown in Fig. 3 . These san~ples only give an approximate reflection of age distribution in the 2 regions since not all dredge samples taken during the assessment survey are represented. Unpublished data of age analyses of the whole sample set confirms that there are relatively large variations in annual settlement both at Jan Mayen and Moffen (as is also the case for scallops from waters off northern Norway; Vahl 1982). Amongst the older age-classes the scallops sampled at Jan Mayen were larger than those from Moffen (Fig. 4) .
Variation in allele frequencies among different yearclasses was not evident, neither at Moffen nor at Jan Mayen (Table 3) . Moreover, there were no significant relationships between groups of age cohorts and single-locus or multiple-locus heterozygosity (Table 4 , Fig. 5 ).
The l-way ANOVA model testing growth of individuals 1 1 3 yr (those still in the growth phase; cf. Fig. 4 ) as a function of single-locus heterozygosity revealed no difference in mean growth between homozygotes and heterozygotes for any locus (Table 5 ; t-tests confirmed homogeneity of variances between pairs of means, 0.242 < p < 0.967). Moreover, plots of growth and heterozygosity classes (Fig. 6 ) provided no evidence that growth increased with increasing numbers of heterozygous loci and no effect of multiplelocus heterozygosity on growth is evident from data presented in Table 5 (H,). The only class variable that appeared to affect growth was subsample within region (Table 5) , i.e. the size attained within a particular age-group differed among subsamples, possibly as a consequence of variable growth conditions within the limited geographic distribution of a given breeding population. This intersample variation in growth was not reflected in allele frequency differences between the same subsamples (above) nor did single-locus heterozygosity or average heterozygosity over all loci vary among subsamples for single-locus and multiple-locus heterozygosity, respectively; chi-square analyses). Over all cohorts sex differences in single-locus or multiple-locus heterozygosity were not found (p > 0.06 and p > 0.27 respectively; chi-square tests).
DISCUSSION
The 4 polymorphic loci Gpi, Pgm, Sod and Mdh exhibited consistent banding patterns. With few exceptions, there was conformity to Hardy-Weinberg expectations, suggesting that the isozyme variants are genetically based. The banding pattern of 1 of the 2 loci coding for LAP revealed highly significant deviations from Hardy-Weinberg expectations with consistent deficits of heterozygotes. There is reason to believe that this could arise as a result of inactivation of alleles so that heterozygotes have been misinterpreted as homozygotes. Thus, caution should be exercised in using data relating to Lap loci as stock markers in Chlamys islandica. Nevertheless, even though the numbers of Lap heterozygotes may have been underestimated, the heterozygosity measured at the Lap loci was high (for Lap-l H,,, = 0.644 averaged over the 4 sampling sites) and much higher than measured for the related Chlamys varia (Beaumont & Beveridge 1984 ; H,,, = 0.292). These authors found Lap to be monomorphic in C, operculan's, and variable, but with inconsistent staining patterns, in C. distorta and Pecten maximus. The Lap-l heterozygosity measured in the Iceland scallop in the present study, in addition to being higher than that of other pectinids, is also slightly higher than Lap-heterozygosities for the common mussel Mytilus edulis in Norwegian waters (Fevolden & Garner 1986 ) and is significantly higher than for European oyster Ostrea edulis in Scandinavian waters (Johannesson et al. 1989) . The Mdh heterozygosity found in the present study for Chlamys islandica is also high (mean of H,,, = 0.496), being considerably higher than Beaumont & Beveridge (1984) reported for C. opercularis (0.1 OO), C. distorta (0.125), and Pecten maximus (0.094); C. varia was monomorphic for Mdh. Very low Mdh heterozygosity is reported in northern populations of Mytilus edulis (Fevolden & Garner 1986) and Ostrea edulis (Johannesson et al. 1989) . Thus, taken together with the previously reported high variation at the 3 loci Gpi, Pgrn, and Sod (Fevolden 1989 ), the present information on Lap and Mdh strengthens the case for classifying C. islandica as an organism with exceptional variation at several gene loci, its subpolar habitat notwithstanding.
One may only speculate about why this particular cold-water species shows such high variability at the examined loci. The thermal environment of the Iceland scallop is stable throughout the year, which according to classical models of adaptive significance of gene polymorphism favours low genetic variability (Grassle & Sanders 1973; see Fevolden 1989 for models with special reference to bivalves). During the many months with little or no daylight the primary production, and hence biodeponation, is very low in northern waters. This may be expected to severely reduce food availability for Chlamys islandica. This scallop species, however, tends to inhabit areas with strong currents (Wiborg 1963) , which may tend to counteract seasonal variation in food supply. In general, this may provide favourable conditions for benthic filter feeders. This suggests that food quality rather than food quantity may be the unstable component of the environment in which the Iceland scallop lives. Models have been presented that ascribe to there being positive correlations between trophic diversity and enzyme polymorphism (e.g. Nelson & Hedgecock 1980) . The degree of heterozygosity has been suggested to relate to basal metabolism (see e.g. Koehn & Shumway 1982 , Hawkins et al. 1986 , with increased heterozygosity enabling an individual to reduce the metabolic costs of body maintenance. If this applies in the case of the polymorphic loci of Chlamys islandica, the higher energetic efficiency associated with heterozygosity at the surveyed loci, or linked loci, may lead to improved survival in the harsh environment. Thus during evolutionary time, high means of heterozygosity at these loci might be expected. On the other Table 3 . Chlamys islandjca. Contingency chi-square analyses of heterogeneity among year-classes in allele frequencies at the polymorphic loci. Ten year-classes are compared at Jan Mayen (Age 4 to Age 13), 11 at Moffen (Age 4 to Age 15, minus Age 7 ) .
2 N = number of genomes (twice the no. of scallops); p = significance level hand, the phenomenon of high single-locus or multiple-locus heterozygosity seems to be by no means universal among Arctic marine species. There is little documented evidence relating to electrophoretic variability of other species from Jan Mayen or Spitsbergen waters, but 3 species of liparid fish taken off Spitsbergen showed extremely low intra-specific genetic variability . The relatively few significant deviations from the Hardy-Weinberg expectation of genotype distributions found in the present study contrast with the trends observed in several other pectinids (Beaumont & Zouros 1991) . Deviations that were observed in the present study were mainly caused by a deficit of heterozygotes, a frequently reported observation for marine bivalves . The Iceland scallop has large breeding units and a reproductive strategy that combines long life with the production of large numbers of eggs and sperm (thereby offering a high potential for reproductive success), and this does not favour inbreeding as a likely explanation for a defi-
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MOFFEN ciency of heterozygotes. From theoretical considerations null alleles have been considered to be unlikely causes for the deficit in other bivalves (Zouros et al. 1980 , Gosling 1989 , leaving selection the most plausible cause for observed Hardy-Weinberg deviations. In the present case, however, it may seem somewhat devisive to suggest that there may be a heterozygous disadvantage for a locus (Gpi) at which approximately 80 % of the individuals are heterozygous.
Inter-area differences in allele frequencies strengthen arguments that the different breeding stocks of Chlamys islandica are at least partially isolated from one another. It was suggested earlier (Fevolden 1989) that prevailing currents may be disfavourable for extensive gene flow between the 4 major regions. The fact that scallops of the Bear Island and Moffen population~ appeared to be most similar in allele frequencies (Fig. 2) does not conflict with the surface current system (Fig. 1) . Some dispersal of larvae may occur from Bear Island along the coast of Spitsbergen to Moffen, although this would be difficult to substanti- 
the scallops are hetero- ate. It has been pointed out that the origin of spat settling on a scallop bed and the extent of larval dispersal are difficult to estimate and are not known with any degree of certainty for any scallop species (Duggan 1987 , cited by Brand 1991 . The general lack of significant differences in allele frequencies between year-classes at Jan Mayen and Moffen, strengthens the suggestion made earlier (Fevolden 1989 ) that genetic drift is not a probable explanation for the spatial variation in allele frequencies. Selective forces cannot be entirely dismissed as an explanatory factor, however, the relative contribution from neutral factors, i.e. restricted gene flow, and selective factors are always difficult to assess. The suggestion that the different areas should be managed as if they represented semi-discrete genetic units (Fevolden 1989) , should, therefore, be upheld.
It should be noted that the present Andammen samples are very similar in allele frequencies to the TrornsdBerg sample of Fevolden (1989) taken ca 60 km further south. This means that despite cornplicated current patterns in the archipelago of northern Norway, extensive gene flow between scattered scallop beds seems possible.
The present data have not demonstrated that singlelocus or multiple-locus heterozygosity affects longevity of Chlamys islandica; heterozygosity did not increase with age of the scallops (or decrease, as reported for Gpi heterozygosity of Pecten maximus; Willuns 1978).
Moreover growth was not shown to increase with increasing number of heterozygous loci. These results contrast with the positive growth-heterozygosity correlations presented for other bivalves such as Mytilus edulis (Koehn & Gafney 1984) , Mulinia lateralis (Koehn et al. 1988) , Crassostrea virginica (Zouros et al. 1980) and Macorna balthica (Green et al. 1983 ). Gosling (1989) however reported that highly heterozygous individuals from M. edulis populations off the west coast of Ireland did not achieve higher and more uniform growth rates than homozygous individuals of the same age cohort and Gentili & Beaumont (1988) showed that a positive correlation between heterozygosity and growth rate was only observed in M. edulis reared at high densities. Lack of positive correlations between multiple-locus heterozygosity and growth rate has also been reported for the pectinids Placopecten rnagellanicus , Volckaert & Zouros 1989 and Pecten maximus (Beaumont et al. 1985) , and it may be that this feature is the norm rather than the exception in Pectinidae. Some of the studies indicating positive correlations between growth and heterozygosity were carried out on young and newly settled organisms, and almost always on cohorts of bivalves which were all of the same age. Comparison with field data of post-juvenile organisms representing many year-classes may, therefore, be invalid. For example, it has been shown that some of the positive correlations between growth and heterozygosity for Mytilus edulis changed in older samples of the same cohort (Diehl & Koehn 1985) . Cultivation of Chlarnys islandica is still in a very preliminary and experimental phase. Thus, before rejecting heterozygosity as a factor of importance for growth under farmed conditions, laboratory experiments should be carried out under conditions of controlled environments and known rates of food supply.
